Cancers of the paranasal sinuses and nasal cavity are the most common malignant tumors of the anterior and anterolateral skull base. The treatment of these tumors affecting the skull base is complex due to the significant anatomical features. We examined 25 patients, 17 males and 8 females with mean age 61 ± 2 years. En bloc resections using anterior skull base resection, orbital resection, middle fossa resection, and combined procedures of these three resections were performed. Using a combination of adjuvant radiation and chemotherapy, we have achieved a 2-year disease-free survival rate of 90% in these cases. However, potential complications include cerebrospinal fluid leakage, meningitis, abscess formation, pneumocephalus, frontal brain contusion, trismus, and dysphagia as a functional complication. We believe that the optimal management of such malignant tumors involves a multimodal and multidisciplinary team approach. Here we present our recent institutional experience and treatment policy employed during the past 3 years.
Introduction
Most malignant tumors affecting the anterior and anterolateral skull base originate in the paranasal sinuses or the nasal cavity, and are relatively rare, constituting approximately less than 1% of all malignant tumors and 3% of all head and neck cancers, 23) but the incidence is higher in Asia. 24) Although many types of tumors occur in the cranial base, the majority are esthesioneuroblastoma, adenocarcinoma, squamous cell carcinoma, sarcoma, chondrosarcoma, and other sinonasal malignancies. These tumors involve the orbital regions, optic apparatus, dura mater of the skull base, brain, cavernous sinus, and the neurovascular components of these regions. Patients frequently present with delayed symptoms in the disease process, after experiencing an initial indolent course. Therefore, the surgical management of these malignant tumors is often challenging, and a multimodal therapeutic approach is necessary. However, no universal guidelines have been established for the optimal management of this diverse group of lesions.
Here we present our recent institutional experience and treatment policy employed during the past 3 years.
Materials and Methods
In our institution, patients referred to the Skull Base Center are evaluated sequentially by a head and neck surgeon and a neurosurgeon. Magnetic resonance (MR) imaging and computed tomography (CT) are performed. Endoscopic examination and biopsy are performed wherever possible. Once a malignancy is confirmed, whole-body CT and/or positron emission tomography-CT are performed to determine the stage of metastasis. If the need for an en bloc tumor 
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Operative Management of Skull Base Malignant Tumors resection with free margins is indicated, multimodal surgery using a multidisciplinary approach is planned. The results of preoperative evaluation are used to determine perioperative chemoradiotherapy. The aim of the surgery is oncological en bloc resection, which is defined as the resection of the lesion plus its normal margin. The limitations of this approach are governed by the functional considerations of the marginal anatomy and the extent of surgical insults in comparison with the overall results. The surgical contraindications are mentioned in Table 1 . Bilateral intraorbital invasion limits the achievement of an adequate quality of life. In cases of invasion into the circumambient intracavernous internal carotid artery (ICA), such as posterior invasion involving the carotid artery canal, wide invasion from the body of the sphenoid bone to the clivus, deep brain invasion, and superior sagittal sinus invasion, even aggressive surgery does not always produce a favorable overall outcome. Tumor dissemination into the subarachnoid space and bone marrow invasion are impossible to determine on the basis of the resection margin. Therefore, we believe that radiotherapy and chemotherapy should take precedence in such patients. With this surgical indication, we examined 25 patients, 17 males and 8 females with mean age 61 ± 2 years, with malignant lesions (Table 2) . Eleven tumors were located in the maxillary sinus, 5 in the nasal cavity, 3 in the ethmoid sinus, 1 in the frontal air sinus, 2 in the orbita, 1 in the parapharyngeal region, and 2 in the bone.
Prior to head pin fixation, a spinal drain was placed but kept closed during all extradural procedures. The head, face, abdomen (for potential fat graft and rectus flap), and thigh (for potential fascia lata flap) were prepared and draped to accommodate multiple approaches and reconstructions. The standard surgical procedure was craniofacial resection (combining bifrontal, frontotemporal, or orbitozygomatic craniotomy with a transfacial approach). Neurosurgical osteotomy lines in the skull base followed 1 of the 3 patterns described below.
Anterior skull base resection was the standard anterior skull base surgery and included bifrontal craniotomy and lateral rhinotomy. The osteotomy lines were drawn as follows: the lateral margin was formed by the superior orbital wall; the anterior margin, by the anterior wall of the frontal air sinus; the posterior margin, by the planum sphenoidale (superior wall of the sphenoid sinus); and the contralateral healthy margin, by the lateral margin of the cribriform plate or that of the middle nasal concha (Fig. 1) .
Orbital resection was performed for intraorbital cancer and maxillary sinus tumor invading the posterior ethmoid sinus through the apex of the orbit. After opening the orbital canal and performing anterior clinoidectomy, the optic sheath, optic nerve, and ophthalmic artery were cut. The superior orbital fissure was opened, and the oculomotor, trochlear, abducens, and ophthalmic nerves were cut. Depending on the tumor invasion and the location of the primary lesion, skeletonization of the foramen rotundum and cutting of the maxillary nerve were also performed. The lateral wall of the orbit or the inferior orbital fissure was used as the extradural resection margin (Fig. 2) .
Middle fossa resection was performed for the maxillary sinus tumor invading the middle cranial fossa through the infratemporal-parapharyngeal space. This approach required resection of the orbital base, complete removal of the maxillary sinus, and resection of the middle fossa. The osteotomy lines were drawn as follows: the anterior margin was formed by the inferior ridge of the superior orbital fissure, the posterior margin was formed by a line parallel to the anterior ridge of the carotid foramen (this line lies between the anterior ridges of the maxillary joint and foramen lacerum) and the posterior part of the foramen ovale, and the internal Operative Management of Skull Base Malignant Tumors margin was formed by the line between the internal ridge of the superior orbital fissure and the anterior ridge of the foramen lacerum (this line lies at the superior wall of the sphenoid sinus) (Fig. 3) .
En bloc resection using a combination of these 3 procedures was possible in almost all cases of malignant tumors originating from the paranasal sinus and nasal cavity without deep cavernous sinus invasion. Anterior skull base approach was performed in 8 patients, orbital resection in 1, middle fossa resection in 14, and combined resection in 2 ( Table 2) .
The endoscope provides brilliant illumination and magnification to detect the tumor origin and boundaries, and allows surgeons to observe areas that are usually difficult to visualize. Extremely vascular tumors and extensive tumors that involve the facial soft tissues are contraindications. Therefore, a combined open and endoscopic approach or an endoscope-assisted approach was used in 2 patients.
Reconstruction was an important part of the surgery to avoid meningitis and abscess formation. In the anterior craniofacial approach, a large pericranial flap, measuring 10 cm in width and at least 15 cm in length, was raised as a separate layer. If the cranialized frontal air sinus left a large dead space, a fat graft was indicated. The most important reconstruction step involved the placement of the pericranial flap to separate the nasal cavity. The flap was sutured loosely to the planum sphenoidale as far posterior as possible. If the facial dead space was large, the revascularized rectus muscle-fat free flap procedure was performed. After completion of these procedures, the nasal cavity was inspected and reinforced with fat graft, fibrin glue, and packs.
Conventional radiotherapy (36-60 Gy, mean 45 Gy) and photon beam therapy were preoperatively performed in 10 and 2 patients, respectively. Chemotherapy was performed preoperatively in 6 patients: cisplatin for an olfactory neuroblastoma, cisplatin/fluorouracil for 4 squamous cell carcinomas, and ifosfamide/doxorubicin/carboplatin for a myosarcoma. Adjuvant therapies were also used: 3 patients underwent CyberKnife surgery; 2 patients received conventional radiation therapy; and 1 patient had chemotherapy (cyclophosphamide, doxorubicin, and vincristine with continuous infusion of cisplatin and etoposide) ( Table 2) .
Postoperative trismus is a common occurrence due to postoperative pain and scarring of the pterygoid musculature and temporomandibular joint. Surgical resection of skull base tumors results in predictable patterns of dysphagia and aspiration. After the surgery, evaluation and rehabilitation for these functional complications were routinely provided by dentists, speech-language pathologists, and occupational therapists.
Results
No treatment-related death occurred in our series. The combination of adjuvant radiation and chemotherapy achieved a 2-year disease-free survival rate of 90%. Complications occurred in 4 of the 25 patients. One patient who had rejected second brain surgery died of brain metastasis 24 months after the first surgery, 1 patient was treated for cervical lymph node metastasis, and 1 patient underwent drainage of brain abscess 2 months after the first surgery. Trismus occurred in 15 patients (8 patients after middle fossa resection, 2 after anterior skull base resection, and 5 after resection of the mandibular joint) and dysphagia in 5 patients. Among these patients, 5 patients required semisolid food for 3 months after the operation.
Illustrative Cases
Anterior skull base resection: A 38-year-old man (Case 12) had experienced nasal congestion and nasal airway obstruction for several months. Endoscopy of the nasal sinus revealed an intranasal mass. Examination of a biopsy sample revealed an olfactory neuroblastoma. MR imaging showed a soft tissue mass in the nasal cavity and sphenoid sinusitis (Fig. 4A, B) . A bicoronal skin incision was made, and a large vascularized pericranial flap was lifted. A standard Weber-Ferguson incision with lip split was made, and lateral rhinotomy was performed. After bifrontal craniotomy, anterior skull base resection was performed via a subfrontal intradural approach. The dura and the circumferential margin around the affixed tumor were opened. The olfactory tracts and the superomedial and inferior orbital walls were resected en bloc along with the maxilla, tumor mass, and hard palate (Fig. 4C, D) . Orbital resection: A 63-year-old man (Case 8) presented with a 2-month history of right ophthalmic pain and visual disturbance. MR imaging with contrast medium showed a right intraorbital mass extending to the orbital apex, nasal cavity, and maxillary sinus (Fig. 5A, B) . Needle biopsy of the maxillary sinus lesion revealed an adenocarcinoma. The patient underwent a frontotemporal craniotomy and a facial translocation approach. Orbital resection was performed, and the right superolateral and inferior orbital walls were resected en bloc along with the maxilla, tumor mass, eyeball, hard palate, and the greater wing of the sphenoid (Fig. 5C, D) . Middle fossa resection: A 38-year-old woman (Case 11) had facial pain on the left and a biting problem. MR imaging with contrast medium showed a mass located in the infratemporal-parapharyngeal space and extending to the temporal region (Fig. 6A, B) . Needle biopsy of the tumor revealed a chondrosarcoma. The patient underwent a frontotemporal craniotomy and a standard lateral rhinotomy. Middle fossa resection was performed, and the tumor was resected en bloc with free margins (Fig. 6C, D) .
Discussion
The complication and mortality rates of skull base surgery for malignant tumors range from 18% to 63% and 0% to 4.7%, respectively. 3, [6] [7] [8] [9] [10] 14, [17] [18] [19] 21, 22, 24, 25) The incidence of meningitis after craniofacial resection ranges from 0% to 54%. 2, 4, 11) If possible, the intradural compartment should be sequestered from the aerodigestive tract prior to gross containment. An overlapping watertight dural plasty and reinforcement with fibrin glue should be performed. The use of spinal drain should be minimized to avoid excessive collapse of the brain. 12) Irrigation of the sur- Operative Management of Skull Base Malignant Tumors gical field, certain reconstructions and sequestration of skull base regions from the nasal and paranasal cavity using vascularized tissue, and closure of the extradural dead space are all important to avoid infection and pneumocephalus. 20) To avoid pericranial flap failure, the flap should be sutured directly to the bone if possible. However, if the closure of a large dead space is not possible, the use of a revascularized free flap under the pericranial flap is recommended.
Despite the recent technical advances in skull base surgery, cavernous sinus invasion represents the most difficult problem in en bloc resection of malignant skull base tumors. Two types of surgical procedures are used to treat cavernous sinus malignant tumor: in the first type, the cavernous sinus is dissected epidurally, and the carotid artery is preserved; in the second type, the anterolateral cavernous sinus is excised, and the carotid artery is preserved or resected. Anterolateral excision of the cavernous sinus is highly invasive, and the surgical result may not always be favorable. 15, 16) Malignant tumors are more difficult to resect than benign tumors, with total resection rates of 55% and 86%, respectively. 16) Recurrence rate after total resection is also higher in malignant tumors than in benign tumors (25% vs. 6%). 16) The sacrifice of the ICA permits en bloc resection of the cavernous sinus after deep invasion, and this procedure provides a better opportunity for attaining resection with disease-free margins. 1) However, whether aggressive resection helps to prolong survival significantly remains unclear. 13) In our previous series of 15 patients who underwent anterolateral cavernous sinus excision, the 5-year disease-free survival rate was 0%. 5) Therefore, we considered that malignant tumors requiring anterolateral cavernous sinus excision contraindicate surgery, and stereotactic radiotherapy and chemotherapy should take precedence in such patients.
Endoscopic skull base surgery is the most effective modality for smaller skull base tumors, although surgeons are pushing these limits. A larger number of skull base surgeries are performed endoscopically to reduce the requirement for some free flaps. However, a number of contraindications include extremely vascular tumors and extensive tumors that involve the facial soft tissues. The combination of open and endoscopic surgery is very useful for the treatment of these difficult tumors.
Malignant tumors affecting the skull base are complex lesions. Identification of the indications and contraindications for resection is the most essential factor for the successful treatment of these lesions, and requires an understanding of the pathology, principles of resection, and nonsurgical therapeutic modalities. Functional rehabilitation after skull base surgery is essential to improve trismus and dysphagia after the surgery. Multi-disciplinary cooperation may be important to treat these patients, so a multidisciplinary team approach is mandatory to obtain a favorable outcome.
